A 3,466-bp nucleotide sequence containing the katE gene of Escherichia coli has been determined. An open reading frame of 2,259 bp was found and was preceded by a potential ribosome-binding site. The predicted N-terminal sequence agreed with the sequence determined by direct amino acid sequencing, and the predicted direction of transcription was confirmed by expression of the gene cloned in both directions behind a T7 promoter. The start site of transcription was determined to be 127 bp upstream from the start of the open reading frame, and a potential RNA polymerase-binding site similar to a sequence preceding the xthA gene, which is also controlled by the KatF protein, was identified. The predicted sequence of the 753-amino-acid protein was comnpared with known sequences of other catalases, revealing significant similarity to the shorter catalases, including the residues in the putative active site and residues involved in heme binding.
Escherichia coli produces two catalases, a bifunctional catalase-peroxidase (hydroperoxidase I [HPI] ) and a monofunctional catalase (HPII). Both enzymes have been purified and characterized to be quite different from each other and from the typical catalase, which is active as a tetramer of 65,000-Da subunits and four protoheme IX groups. HPI was found to be a tetramer of 78,000-Da subunits with just two protoheme IX groups per tetramer and with an associated broad-spectrum peroxidase activity (6) . HPII was purified (7) and characterized as a hexamer of 93,000-Da subunits (18) and six heme d-like groups (5) per hexamer. The genes encoding HPI and HPII, katG and katE, respectively, are unlinked, mapping at 89.2 (21) and 37.2 (17) min, respectively. A third gene, katF, mapping at 59.0 min (20) , was found to be required for expression of katE but not katG. The katF gene has been cloned (28) and sequenced (27) , revealing a striking similarity between the KatF protein and known sigma transcription factors, suggesting its mechanism as a positive effector of katE (27) , of xthA (32) , and possibly of other genes involved in resistance to near-UV radiation (33) .
The katG gene has been cloned (22, 42) and sequenced (41) and predicts an amino acid sequence that bears no resemblance to any of the known catalase sequences. Instead, a striking resemblance to a peroxidase from Bacillus stearothermophilus has been observed (23) , suggesting that the bifunctional HPI is more closely related to the family of peroxidases than catalases. On the basis of its very different physical structure, it seemed unlikely that HPII would have any sequence or structural similarity to the common catalases. This paper describes the sequence analysis of katE, the identification of the site of transcription initiation, and a comparison of the predicted amino acid sequence of HPII with the sequences of other catalases.
MATERIALS AND METHODS
Bacterial strains and plasmids. The strains JM101 (45) and NM522 (25) were used for plasmid preparations and for the preparation of single-stranded DNA for sequencing. Cul-* Corresponding author.
tures were grown in LB medium (26) which was supplemented with 150 ,ug of ampicillin per ml for transformed strains. The plasmid pAMkatE72 was prepared by ligating a 3.5-kb PstI-ClaI fragment containing katE from pAMkatE6 (28) (Fig. 1) (Fig. 1) .
Expression of katF. The plasmids pT7E1 and pT7E2 were transformed into UM255 (28) along with pGP1-2. The double transformants were heat shocked by transferring a cell culture from 30 to 42°C as described previously (38) . After 30 min, the cells were collected and lysed by sonication.
Extracts of the crude extract were separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (16, 44 (28) was cut with PstI and Clal and the 3.5-kb fragment containing katE was inserted into pM13KS+, also cut with PstI and ClaI in the multiple cloning site. For the construction of pT7E1 and pT7E2, used for determining the direction of transcription, pAMkatE6 was cut with ClaI and the 4.2-kb fragment was inserted in pT7-5, also cut with ClaI. The two BamHI sites in pT7E1 and pT7E2 were used to determine the orientation of the insert relative to the T7 promoter, indicated by the large arrows in pT7-5, pT7E1, and pT7E2. The unfilled portion of the various plasmid outlines indicates the chromosomal DNA insert, and the heavy filled segments in pT7E1 and pT7E2 indicate the location of the katE gene. The arrow inside pAMkatE72 indicates the approximate location and direction of transcription of katE. The cross-hatched segments indicate the location of the bla gene in the pT7 plasmids. The following abbreviations were used for restriction enzymes: C, ClaI; B, BamHI; E, EcoRI; H, HindlIl; P, PstI; and V, EcoRV. TTATGTTGCGA, which corresponds to the complement of bases +4 to +33 of katE annealed to mRNA synthesized from plasmid pAMkatE72. Total RNA was isolated as described by Gilman and Chamberlin (12) , with the following procedural modifications. Cells were ruptured by extracting twice with an equal volume of redistilled phenol, and the subsequent nucleic acid precipitate was redissolved in 100 mM sodium acetate (pH 5) and 10 mM MgSO4 for the DNase I and proteinase K treatments.
N-terminal sequence analysis. Catalase HPII was purified as described by Loewen and Switala (18) from strain UM255 (39) transformed with pAMkatE22 (28) Nucleotide sequence accession number. The GenBank accession number for the katE gene is M55161.
RESULTS

Direction of transcription. Plasmids pT7E1 and pT7E2
were constructed with the ClaI fragment of pAMkatE72 inserted in the two possible orientations behind the T7 promoter of plasmid pT7-5 ( Fig. 1 ). They were then transformed into a strain containing the plasmid pGP1-2, which encodes T7 RNA polymerase downstream from the lambda PL promoter and is controlled by the heat-sensitive c1857 repressor. Heat Nucleotide sequence of katE. The size of the chromosomal insert containing katE in pAMkatE72 was 3.5 kb, of which approximately 2.5 kb was required to encode the 93,000-Da HPII subunit. The strategy for sequencing both strands of the katE-containing insert in pAMkatE72 is shown in Fig. 3 and resulted in the definition of a 3,466-bp sequence, extending from the Pstl to the ClaI sites (Fig. 4) . A single open reading frame of 2,259 bp (821 to 3079) which encodes a protein of 753 amino acids is indicated in Fig. 4 codon usage pattern suggests that katE is a moderately expressed gene, with codons characteristic of both weakly and strongly expressed genes being used (13) . The N-terminal sequence of the protein was determined to be xxx-SerGln-His-Asn-Glu-Lys-Asn-Pro-His-Gln, consistent with the predicted amino acid sequence from residues 2 to 10 e Determined by the method of Edelhoch (8) .
ATGCATCGCATGGGGATCGACACTAACCCGGCGAATTACGAACCGAACTCGATTAACGATAACTGGCCGCGCGAAACACCGCCGGGGCCG H8H R N G I D T N P A N Y E P N S I N D N I/ P R E T P P
fact that the start site of transcription identified by primer extension on the mRNA is G at position 695 (Fig. 5) . Furthermore, a similar sequence exists just upstream from the transcription start site in xthA (35) (Fig. 6 ), another gene controlled by the KatF protein. About 130 nucleotides beyond the putative termination codon, there is an element of twofold symmetry with a predicted stability of -9.1 kcal/mol which is followed by a run of four T's, indicative of a moderately strong transcription termination site.
Comparison of the predicted HPII sequence with other catalase sequences. A comparison of the deduced amino acid sequence of the HPII subunit with the known sequences of catalases from bovine liver, rat liver, human kidney, Candida tropicalis, Saccharomyces cerevisiae, and maize (Zea mays) revealed significant similarity between portions of HPII and all of the shorter catalases (Fig. 7) . Because of its greater length, HPII contained long stretches at both the N terminus (57 amino acids) and the C terminus (168 amino acids) that were not similar to any parts of the shorter enzymes. However, rat liver (11), bovine liver (36), human kidney (2), S. cerevisiae (15) , C. tropicalis (30) , and maize (3) catalases were found to be, respectively, 51.8, 53.6, 51.2, 41.8, 49.4, and 46.9% similar (considering both identical amino acids and conservative replacements) to the remaining amino acids in the core of HPII. In fact, the degree of similarity was much greater for certain portions of the sequence; for example, residues 161 to 213 were 84.3% similar to the corresponding portion of the rat liver catalase. Generally, the similarity was greatest in the N-terminal half of the proteins and decreased towards the C-terminal end. Most significantly, the three residues identified as participating in the active site of the enzyme of the bovine liver enzyme, His-74, Ser-113, and Asn-147 (9) , were conserved in the form of His-128, Ser-167, and Asn-201. Furthermore,
FIG. 5 . Primer extension mapping of the katE promoter. The 32P-labeled primer was elongated and electrophoresed on a 6% polyacrylamide sequencing gel in lane P alongside a sequencing ladder (lanes A, C, G, and T) generated by using the same primer. The sequence shown is of the strand complementary to that shown in Fig. 4 , but the numbered bases shown on the right of the gel correspond to the sequence in Fig. 4 Residues predicted to be in the active site of the bovine liver enzyme (9) are indicated by *. Residues predicted to be involved in binding the heme on either the distal ( T ) or proximal ( 4 ) sides (9) are also indicated. The residues predicted to be involved in NADP binding are indicated by N.
servative replacements. Shorter segments of the sequences have even greater degrees of similarity, and all of the residues identified as playing a role in the active site of the bovine liver enzyme and in binding the protoheme group have counterparts in the HPII sequence. This similarity is surprising when the differences in physical properties between HPII and other catalases are considered. For example, HPII is active as a hexamer, whereas the normal catalases from eucaryotic and some bacterial sources are active as tetramers. HPII has a predicted subunit size of 84,118 Da, compared with approximately 65,000 Da for other catalases, and it is green rather than brown in color, a result of the heme d-like group replacing the normal protoheme IX. Because of the close similarity between portions of HPII and bovine liver catalase, for which the crystal structure has been determined (29) , HPII may be useful as a model to test some of the predictions about the roles of individual amino acids in the active site and in heme binding. The greater length of HPII is contained in two sections, a 57-amino-acid segment at the N terminus and a 168-amino-acid segment at the C terminus. The role of this additional protein may be elucidated when the crystal structure of HPII (39) is completed, but it is likely that it is involved in changing the quaternary structure of the active enzyme from the normal catalase tetramer form to the hexamer form of HPII.
The HPII heme d group differs from protoheme IX in that it has two hydroxyl groups in a cis configuration on ring C. The amino acid residues interacting with the heme have not changed, indicating that the diol configuration does not affect these interactions. Little is known about the oxidative conversion of protoheme into the relatively uncommon HPII heme d or the process of inserting the heme into the protein.
The cell is capable of making sufficient protoheme IX for the plasmid-encoded synthesis of HPI, and the conversion of protoheme IX to the HPII heme d must be sufficiently facile to allow the rapid synthesis of large amounts of active HPII. Further work is required to determine whether the protoheme-to-heme d conversion occurs prior to insertion or as part of the insertion process.
Binding of NADPH by the bovine liver enzyme involves a water molecule, which is predicted to interact with Lys-236, His-234, and Tyr-214, and His-304, which is predicted to interact with the pyrophosphate portion of NADPH. Lys-236 and His-234 have Lys-294 and His-292 as counterparts in HPII, but the binding of the water molecule would be adversely affected by the replacement of Tyr-214 with Phe-272 in HPII, which lacks the necessary phenolic OH group for interaction with water. Furthermore, His-304 in the bovine enzyme is replaced by the negatively charged Glu-362 in HPII, which should not interact favorably with the negatively charged pyrophosphate group of NADPH. These differences suggest that HPII does not bind NADPH, but this remains to be confirmed.
The sequence similarity in the -10 and -35 regions upstream from the transcription start sites in katE and xthA is consistent with the observation that transcription of both genes is controlled by the KatF protein (32), a putative a factor (27) . Other genes controlled by the KatF protein have not yet been identified, but it is unlikely that a a factor would have evolved for the expression ofjust two genes, neither of which is absolutely essential for viability. A number of genes, including appA (encoding an acid phosphatase [40] ), the genes for glycogen accumulation (31) , and other lesswell-defined genes (37, 43) have been identified in E. coli and Salmonella typhimurium as responding to starvation conditions. The expression of katE, which is turned on as the cells enter stationary phase (19) , brought on by starvation for a medium component may therefore be part of a larger strategy for surviving starvation conditions controlled at least in part by katF.
